We wondered if the correlation between lack of spines neocortical fast spiking (FS) interneurons creates highly localized calcium microdomains, often reand expression of CP-AMPARs was not coincidental but represented a unique solution to calcium compartstricted to less than 1 m of dendritic space. We confirm using ultrastructural reconstruction of imaged mentalization on aspiny dendritic shafts. Our goal was to examine the calcium influx associated dendrites the absence of any morphological basis for this compartmentalization and show that it is depenwith the activation of individual synapses on aspiny dendrites. In contrast to pyramidal neurons, dendrites of dent on the fast kinetics of calcium-permeable (CP) AMPA receptors and fast local extrusion via the Na 
The shape of spines and their ability to compartmenCa 2ϩ exchanger. Our findings indicate that calciumbased plasticity on aspiny dendrites can be synapse talize calcium during activation of single excitatory synapses have engendered the view that they subserve specific and imply that the expression of CP-AMPARs on dendritic shafts represents a novel approach to ensynapse-specific postsynaptic biochemical compartmentalization (Koch and Zador, 1993; Wickens, 1988;  sure calcium localization. Yuste and Denk, 1995 When we correlated the calcium signal with the ongoin 400 M versus 100 M Fluo-4 conditions. We plotted as a function of time and found that signals imaged ing electrical activity of the cell, we found that the influx of the calcium signal was always time locked to a sponwith 400 M Fluo-4 were significantly less local than those imaged with 100 M Fluo-4 (Fluo-4 100 M max ϭ taneous EPSP (Figures 1D and 1E) . Spontaneous EPSPs time locked to the influx of calcium events were similar 0.84 Ϯ 0.64 m, n ϭ 21; 400 M max ϭ 1.9 Ϯ 0.22 m, n ϭ 7, p Ͻ 0.05) (Figure 3) Figure 3A ) and is plotted quantitatively in Figure 3C . Thus, the localization of microdomains in our dritic shaft, at distinct times after the peak signal. These traces were well fit by Gaussian curves, as predicted experiments was not due to exogenous buffer distortion; instead, added calcium indicator actually overestimated by diffusion from an instantaneous point source in a cylinder (Figures 1Bb and 1Cb, 
The standard deviation of a Gaussian curve from its
Effect of Calcium Indicators on the Decay peak, , represents the lateral displacement (in x), and of Calcium Microdomains thus the spatial extent of a calcium event at a given In addition to being highly restricted in space, microdotime. We fitted ⌬F/F versus space curves until the peak mains were unusually fast. We imaged some cells with amplitude was less than two standard deviations above high temporal resolution (397 Hz) and found that the the noise and termed the standard deviation of the time to peak was reached in three time points ‫5.7ف(‬ ms) largest fit " max ". At their peak amplitude, which always (n ϭ 3). Decays of the calcium transients were also occurred at the first time point, spontaneous calcium extremely fast-and were not different between 100 and transients were highly localized ( peak ϭ 0.76 Ϯ 0.19 m, 400 M Fluo-4 imaging conditions (decay ϭ 49.5 Ϯ n ϭ 7), and max , which represents the maximal resolv-28 ms 400 M Fluo-4; ϭ 55.4 Ϯ 28 ms 100 M Fluo-4 ] gradient along submicrons of the densome cells, we generated trains of action potentials 1 s after synaptic stimulation, well after the decay of the dritic branch (Figures 1 and 3) . We found that microdomain decays were significantly faster than bAP decays microdomain was complete, to confirm that the entire dendritic segment was in focus and responsive to cal-(microdomain ϭ 61 Ϯ 36 ms, bAP ϭ 235 Ϯ 124, p Ͻ 0.05, n ϭ 8), indicating that longitudinal diffusion cium influx ( Figure 2C) structural reconstruction were optimal, we failed to obdetected candidate excitatory synapses that were remarkably aligned to the peak position of the microdoserve dendritic beads, interbead necks, or subcellular structures which could physically interfere with longitumain on the line scan (red arrows, Figures 4Ac and 4Bc) . Moreover, the lateral size of single synaptic calcium dinal diffusion, ruling out a morphology-based mechanism for the microdomains. Further, when we compared signals was on the same order of magnitude of individual synapses, especially in the less buffered imaging condi-EM-reconstructed segments with the imaging data, we Figure 8B , the fractional occupancy of Fluo-4, which approximates 2-fold (control max ϭ 1.1 Ϯ 0.4 m, CX546 max ϭ 2.0 Ϯ 0.6 m, p Ͻ 0.05, n ϭ 7) (Figures 6D and 6E) . At the ⌬F/F, simulated under experimental conditions is plotted as a line scan image next to the actual free calcium same time, CX-546 increased EPSC decay time constants (control ϭ 4.6 Ϯ 1.4 ms; CX-546 ϭ 46 Ϯ 26 signal. The free calcium signal was both an order of magnitude faster and more localized than the simulated ms, p Ͻ 0.01, n ϭ 7) and EPSC area (470% Ϯ 230%, p Ͻ 0.05), indicating that the total calcium injected at fluorescence signal ( Figure 8B ). This result demonstrated that during experiments most of the calcium ions the imaged synapse increased greater than 4-fold (Figures 6C and 6E) . CX-546 also increased the duration which entered the cell became bound to indicator and that subsequent diffusion of indicator contributed to and area of measured ⌬F/F transients. This, together with the increased max in the presence of CX-546, sugsubsynaptic calcium clearance and microdomain size. We next simulated native conditions, by replacing exgested that (1) calcium was free to diffuse after local extrusion mechanisms were overwhelmed and/or (2) inogenous indicator with the calcium binding protein parvalbumin, which is widely expressed in FS interneurons creased levels of subsynaptic calcium bound indicator diffused to adjacent dendritic regions. (Figure 1 ). Under these conditions, the peak amplitude of free calcium was almost 2-fold larger, suggesting that These data further indicate that, under control conditions, calcium extrusion is strong enough to locally han-CP-AMPAR synapses generate micromolar domains of free calcium under normal conditions. This range dle the CP-AMPAR-mediated microdomains and control the spatial range of the indicator-calcium interaction.
was (Figure 7) . Surprisingly, however, the peak ampliand the Kinetics of Calcium Influx and Efflux tude was not significantly changed, suggesting that difWe next used our model to determine which parameters fusion of free calcium and not local accumulation of most profoundly affect the free calcium signal generated calcium bound indicator and its subsequent diffusion at a shaft synapse under physiological conditions, withwas responsible for the loss of signal localization. While out added indicator. We examined how (1) mobile buffer it was possible that the effect of benzamil on microdo-("slow" parvalbumin or "fast" Fluo-4), (2) fixed buffer main size was via blockade of Na ϩ /Ca 2ϩ exchange at capacity, (3) the kinetics of the calcium influx, (4) extruthe presynaptic terminal, we did not observe a change sion, and (5) dendrite radius affect the spatiotemporal in EPSC amplitude (Figure 7) , suggesting that the effect evolution of free calcium. of benzamil on microdomains was predominantly postParvalbumin has a high affinity for calcium but binds synaptic.
calcium significantly slower than Fluo-4 ( ]. However, ing kinetics (Table 1) (Robertson et al., 1981) . Increasing fixed buffer capacity significantly reduced the peak amalthough localization was compromised, free calcium remained surprisingly local even when the EPSC decay plitude, slowed the decay of microdomains, and contributed to their localization ( Figure 8D) . Thus, the high fixed time constant was 40 ms ( Figure 8E ). But if we simultaneously reduced either the fixed buffer capacity or V max , buffer content of interneuron dendrites likely contributed to the subsynaptic localization of calcium in our excalcium diffused Ͼ1 m to adjacent dendritic sites (data not shown). Thus, in the presence of local buffering or periments. Calcium extrusion, unlike EPSC kinetics, directly opthese factors cooperate to create a fast and highly localized calcium signal. In view of these observations, FS erated to restrict the range of free calcium ( Figure 8E ). Simulations showed that higher V max resulted in faster, cell dendrites functionally behave as "spines-in-series," due to their high surface-to-volume ratio and their ability smaller, and, more significantly, more localized free calcium signals ( Figure 8E) .
to compartmentalize calcium and calcium-dependent processes at the level of individual synapses. These Thus, the peak amplitude and duration of free calcium signals were especially sensitive to dendrite radius, results indicate that the expression of CP-AMPARs on dendritic shafts provides a "spine-free" mechanism of fixed buffer capacity, the association rate of mobile buffers, and the kinetics of the calcium influx. The spatial signal localization and represents a novel approach to single-synaptic calcium signaling. extent of free calcium, however, was most sensitive to calcium extrusion and fixed buffer capacity.
Compartmentalized Calcium Accumulations during Activation of Single Synapses Discussion on Aspiny Dendrites
We adopted two experimental strategies to image the FS Dendrites Are "Spines-in-Series" We examined the spatiotemporal dynamics of calcium calcium influx associated with the activation of single synapses on aspiny FS dendrites. First, we found that signals caused by the activation of single synapses on the aspiny dendrites of fast spiking interneurons. We spontaneous microdomains were associated with unitary-sized EPSPs, suggesting that they were single-synfound that these single-synaptic calcium events (microdomains) are localized in space to synapse-sized comaptic calcium events (Figure 1) . Second, we electrically evoked microdomains and found that successive partments (Ͻ1 m), representing the potential for synapse-specific biochemical compartmentalization in the shocks resulted in all-or-none calcium signals with spatial dynamics identical to those observed during spontaabsence of dendritic spines. The localization of microdomains depends on fast calcium influx through calciumneous activation (Figures 1 and 2) . We concluded that the microdomains resulted from the activation of sinpermeable AMPA receptors and on fast membranous efflux via the Na ϩ /Ca 2ϩ exchanger. In addition, our modgle synapses. At their peak amplitude, imaged microdomains, which eling studies show that endogenous immobile buffers contribute to calcium localization and that thin dendrites represent calcium bound indicator and not free calcium, were restricted to submicrons of dendritic space ( ϭ facilitate fast handling of large free calcium concentra- mentalization. In our model, EPSC was a major determinant of the peak and duration of the calcium signal, two ter, we propose that microdomains may underlie synapse-specific calcium signaling (Figure 4) . key components in regulating the range of a calcium-dependent process. The submillisecond kinetics of CP-PV may be perfectly suited to preserve microdomain localization during repetitive activation of single synAMPARs thus seem designed to produce a localized calcium-dependent signal. When we reduced AMPAR apses. It is interesting to note that PV is expressed in many deactivation with CX-546, we found that microdomains became less localized in space (Figure 6) 
